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FUNCnONALIZED DERIVATIVES OF HYALURONIC ACID AND FORMATION OF HYDROGELS IN SITU USING 
SAME 



5 TECHNICAL FIELD OF THE INVENTION 

This invention is directed to biomaterials for spatially and temporally 
controlled delivery of bioactivc agents such as drugs, growth factors, cytoidnes or 
cells. In particular, this invention teaches versatile methods for chemical 
crosslinking of high molecular weight hyaluronic add under physiological 

10 conditions in situ, to form polymeriz^lc biodegradable materials. The methods are 
based on the introduction of functional groups into hyaluronic acid (HA.) via 
formation of an active ester at the carboxylate of the glucuronic acid moiety as an 
intermediate and subsequent substitution with a side chain containing a nucleophilic 
group on one end and a (protected) functional group on the other end. The 

15 introduced functional groups allow for crosslinking of the HA derivatives. 

Crosslinked hyaluronic acid hydrogcls of this invention arc useful in various Surgical 
applications and as a temporary scaffold for tissue regeneration, e.g., in cartilage 
repair. 



BACKGROUND OF THE INVENTION 
20 Repair of articular cartilage 

The failure of regenerating persistent hyaline cartilage by surgical 
procedures prompted investigators to attempt repair using biological strategies. 
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of candidate matrix materials has been the limhrng fector, and anchormg of 
materials seeded with chondrocytes and/or chondrogc^c fecton. difficult, explaining 
the unsatisfactory r^t, obtained ^th currently avaflable materials such as 
polylactic add a.d polyglycoUc add scaffolds (Freed « al., J.Bicn.eH M.. 
28, 891-899 (1994); Chu et nl., LMom^j^LM^29, 1,47-1,54 (,995)) 
calaun, phosphate minerals (Nakahara et al.. OojOriteeiL 276. 291.298 (1^)) 
fibrm sealants atay et al.. SM^Qr^ 220, 284-303 (1987)). and coUagen gds ' 
(Wakit«u et al.. LMmUmSJm. 71-B. 74-80 (1989)). We have developed 
novd biodegradable materials based on hyaluronic acid which are optimized for the 
biological requirements posed on a repair material in a synovial joint and allow in 
situ polymerization. 

BioloBV of hvalurnfiiV ^gj^f ^rf •„< ^h^^^^^^^ „^ 

Hyaluronic add (HA) is unique among glycosaminoglycans in that it 
isnotcovalentlyboundto.polypeptide. HA is also unique in having a relatively 
sunple stiucture of repeatbg nonsulfited disaccharide units composed of D- 
ghicuronic add (OlcUA) «id JSr-acetyH>.8lucosaminB (GIcNAc) (Scott et al.. Ute 

T.C. Laurent (ed.). Portl«,d Pr^ London, (herdaafter "Hvriu,«n.n T.. 
Senysjives"). pp. 7-15(1998)). ItsmolecularmassistypicaUy several million 
Daltons. HA is also referred to as lyaluronan or Ityaluronate. and «ists m several 
salt forms (see fbnnajla I). 
(0 




GfcUA oicKAc 
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HA is an abundant component of cartilage and play, a key structural 
role u, the organization of the cartilage extracellular matrix as an organizing 
«n,cture for the assembly of aggrecan, the large cartilage proteoglycan {Laurent 
«nd Fmcr, E^fti 6. 2397-2404 (1992); Mfirgelin et al.. Bio»hv. CM.^ sO, 
5 113.128(1994)). The nonoovalent interactions of aggrecan and link protein with 
HA lead to the assembly of a large number of aggrecan molecules along the HA- 
chain and mediate retention of aggrecan in the tissue. The Wghly negatively 
chained a^recan/HA assemblies are largely responsible for the viscoelastic 
properties ofcartUage by immobiliangvatter molecules. A number of cell surface 
10 receptors for HA have beot described and shown to play a critical role fai the 

assembly of the periceUular matrix of chondrocytes and other cells, e.g.. isofonns of 
CD44 and vertebrate horoologues of Cdc37 (Knudson and Knudson, FASEBJ. 7, 
1233-1241 (1993); Grammatikakis et a!.. J. Biol Ch«>n. 270, 16198-16205 (1995)), 
or to be involved in receptor-mediated endocytosis and degradation of HA to 
1 5 control HA levels in tissues and body fluids (Laurent and Fnwer, supra; Fraser et 
Hva l urpnan m<\ m Pgrivativys . pp. 85-92 (1998)). Blockmg of the interaction 
of these receptors with HA in prcchondrogenic micromass cultures from embiyonic 
Umb bud mesoderm inhibits chondrogcnesis. indicating that the establishment and 
maintenance of a differentiated chondrocyte phenotype is at least in part dependent 
20 on HA and HA-rcceptor interactions (Maleski and Knudson, Exp. Cell. Re..; 225, 
55-66(1996)). 

HA and Hs salts are currently being used in therapy for arthropathies 
by intraarticular injection (Stachnan et al., Ann. Rheum nis 49, 949-932 (1990); 
'^'^ HV^'"'9niffl and I ts PtrivfttiVf i S . pp. 243-253 (1998)), in ophthalmic surgery 

25 for intraocular lens implantation Denlinger, Hvahirnn^n ^nH its Derivative, pp. 
235-242 (1998). to promote wound healing in various tissues (King et al.. Surgery 
109, 76-84 (1991)), or more recently, in derivatized and/or crossltnked form to 
manufecture thin films which are used for tissue separation (for review see Laurent 
and Fraser. supra; Weiss, Hvaluronan and Its Derivarivp« pp. 255-266 (1998); 

30 Larsen, Sv^WCTMP and fts PgnvativCT . pp. 267-281 (1998); Band, Hvaluronan and 
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mitoatbi^. pp. 33-42 (1998)). E«ensive effons have been made by^o^, 
laboratories to produce derivatives of HA with unique properties for spedfic 
biomedical appHcations. Most of the developments have been focusing on the 
production of materials such as films or sponges for implantation and the 
5 substitution of HA with therapeutic agents for delayed release and/or prolonged 
effect (for review see Band, supra; Prestwich et al., Hvaluron.n .nH i^c r>.ri v,.i... 
pp. 43.65 (1998); Gustafton. Hvalurenan «r.H It^ T;>trrntiyr pp. 291-304 (1998)). 
Strategies have included esterification of HA (U.S. Patent Nos. 4.957,744 and 
5,336,767). aciylation of HA (U.S. Patent No. 5,410.016), and cross-Unking of HA 
10 using divinyl sulfone (U.S. Patent No. 4.582.865) or glycidyl ether (U.S. Patent No. 
4.713.448). However, the modified HA molecules show altered physical 
characteristics such as decreased sohibility in water and/or the chemieal reaction 
strategies used are not designed for crossUnldng of HA under physiolosical 
conditions (in an aqueous environment, at pH 6.5-8.0). 

is well known that polyaldehydes can be generated by oxidizing 
sugars using periodate (Wong, CRC Press, Inc., Boca Rayton, FL, pp. 27 (1993); 
European Patent No. 961 5888). Periodate treatment oxidizes the proximal 
hydroxy! groups (at C2 and C3 carbons of glucuronic acid moiety) to aldehydes 
thereby opening the sugar ring to form a linear chain (Scheme 1). While periodate 
20 oxidation allows for the formation of a large number of functional groups, the 
disadvant^e is the loss of the native backbone staicture. Consequently, the 
generated derivative may not be recognized as HA by cells. In fact hydrogels 
formed by using periodate oxidized HA as a crosslinker, e.g., in combin|tion with 
the HA>amines described heran, showed very limited tissue transformation and 
25 poor cellular iniUtration in the rat ectopic bone formation model (Rg. 6). This is in 
sharp contrast to the HA-alddiyde derivative described herein. 

The introduction of fiiee amino groups on HA, which could be used 
for forther convenient coupling reactions under mild physiological conditions, has 
been a subject of i^eat interest. Previous methods have produced a fiee amino 
30 group on high molecular wdght HA by alkaline W"-dea<qrlation of its glucosamine 



wo 00/16818 



PCT/EP99/06913 



6- 



inoiety (CurvaD et al.. £ajbghyd£^ 41, 235-239 (1975); Dahletal Anal. 
SiSShfiHL 175, 397^07 (1988)). However, concomitant degradations of HA via 
beta-dimination in the glucuronic add moiety was observed under the harsh 
reaction conditions needed. This is of particular concern because low molecular 
5 wdght HA fragments, in contiast to high molecular weight HA, have been shown 
to be capable of provoking inflammatory responses (Noble et al., Hvaluronan an^j 
toPcriYMiYftff pp. 219-225 (1998)). An early report claimed that carbodiimide- 
catalyzed reaction of HA ivith glycine methyl ester, a monoiunctional amine, led to 
the fonnation of an amide linkage (Danishefeky and Siskovic, Carbohvdr u^.^ 1 6 
10 199-201 (1971)). This however, has been proven by a number ofstudies not to be 
the case (Kuo et al., BioconiugjiTf Thnn^ 2. 232-241 (1991); Ogamo et al., 
£ad2flto&ifiL 105. <S9.85 (1982)). Under mildly acidic conditions Ae uLtable 
intermediate O-acyiisourea is readily foitaed, which in the absence of micleophiles. 

rearranges by a cy<*c dectronic displacemem to a stable A^-acjiurea (Kurzer and 
15 DouraBhi-Z«leh,ClaoLBfia£.67, 107-152 (1967)). TWa O-^N migration of the <>. 
acylisourea also occurs when the nudeophile is a primary amine (Kuo et al.. supra) 
and any amide formation that does occur is insignificant as reported by Ogamo et 
al. , supra. Experiments where high molecular weight HA O^fr ~ 2 x 1 0« Da) was 
reacted with an excess of the fluorescent label 5-aminofluorescine in the presence of 
20 the carbodiimide EDC achieved only 0.86% of theoretical labelling. The 
introduaion of a terminal hydrazido group on HA with a variable spacer has 
recently been achieved and has led to the ability to conduct further coupling and 
crossluiking reactions (Pouyani and Prestwich. Bioconiugate rhi>m 5, 339-347 
(1994), U.S. Patent Nos. 5.616.568, 5,652.347. and 5.502,081; Vercruysse et al.. 
2S Bioconjyi^j^t^ rhrm 8, 686-694 (1997)) 

It is the crtjcctive of this invention to provide a method for more 
versatile modification of HA with various ftinctional groups that allow for 
crosshnking of the HA derivatives under physiological conditions. It is another 
objective that the method of fimctionalizalion does not compromise the molecular 
30 weight or diemical identity (except of the target carboxyl group for coupUng) of 
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HA It is a further objective that the method of frnictioiializaion provides HA 
nwlecuies that are well tolerated in vivo and are biodegradable. 

It b also the objective of this invention to identify HA derivatives and 
methodology for m situ polymerisation thereof to provide a biodegradable scaffold 
5 for ti«ue «generatioa It U another objective that the HA materials cati be 

polymerized in the presence of cells to serve as a vehicle for cell transplantation. It 
is a further objective to provide methodology for functionalization and cross-linking 
of HA that allows for variations iatfae biomechanical properties of the formed gels 
as well as in the sensitivity to celltilar infiltration and degradation. 

SUMMARY OF THE INVENTION 
Bioinaterials for spatially and temporaUy coairoBed delivery of 
bioactivc agents such as drugs, growth fiuaors, cytoldnes or cells, are a key factor 
fortissuerepair. In particuhir, l« polymeriable biodegradable materials are 
needed for cartilage resmfecing that are designed to withstand the mechanical 
15 forces in a joint. We have developed a ven»tile method for chemical crosslinking of 
high molecular weight hyahironic add under physiological conditions. The method 
is based on the introduaion of functional groups imo hyaluronic add by formation 
of an active ester at the carboxylate of the fijucufonic add moiety and subsequent 
substitution with a side chain containing a nucleopWUc gr<Hip on one end and a 
20 (protected) functional group on the other end. We have formed hyahironic add 
with amino or aldehyde functionality, and formed hydrogels with modified 
hyaluronic acid and bifunctional crosslinkers or mixtures of hyaluronic add carrying 
difierent fimaionalities using active ester- or aldehyde-mediated reactions. Physical 
and diemical properties of the hydrogels of this invention were evahiated using 
25 biomechanical testmg, and by assaying sensitivity towards degradation by 

giycosidases such as testicular hyahironidase. BiocompatibiUty was evaluated using 
cen culture assays and subcutaneous implantation of the hyaluronic add materials in 
rats. Thb i« vivo assay is also the established model for induction of ectopic bone 
fonnation by members of the transfoimmg growth fiictor p fcnily {TGF-p), and 
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several cro^linked hyaluronic add materials of this invention gave excdlcm e«opic 
bone formation in vivo when loaded with appropriate growth factor(s). 

A$ set forth bdow in the detailed description of the invention, the 
compositions of the invention have many therapeutic uses. For example 
5 compositions of the invention may be used to stem hemorrhage in gencrd surgery 
reconstma nerves and vessels in reconstmctive. neuro- and plastic surgery, and to 
anchor skin, vasoahr, or cartilage transplants or grafts in onhopedic. vascular, and 
plastic surgery. Compositions of the invention are also usc&l as vehicles for the 
delivcy of cell, or bioactive molecules such as growth fectors to stimulate focal 
10 «P«r. Local deUvery of growth fectors adlitates wound hedingaii^ 
regeneration in many situations, not only in promoting bone formation and 
stimulating cartUage repair in orthopedic procedures, but also. e.g.. in treating 
pathological wound conditions such as chronic ulcers. These compositions may 
also serve as a scaflFold to generate artificial tissues through proliferation of 

15 autologous cells in culture. On the other hand, the anti-adhesive property of some 
compositions with respect to cells render such compositions particularly suitable to 

generate tissue separations and to prevent adhesions foUowmg surgeiy. The 
viscoelastic properties of HA make it particularly weU suited for this purpose, and it 
is used clinically to achieve temporal pain relief by repeated imraaiticular iigections 
20 in arthropathies as a "joint lubricant", as a protective agent for eye irritations and in 
opthalmic surgery, as a barrier to cells m facial and other reconstructions in plastic 
surgery and dentistry, in reconstructive surgery of tendons, in surgical procedures in 
the urogenital system, and in thoracic surgery. The injectable nature of the 
compositions of the mvention also renders them suitable for tissue augmentation in 
25 plastic surgeiy. where the HA matrix servos primarily as an mert biocompatible filler 
material (Balasz and Laurent. Hvaluronar, .nH tt. r..riy..;„.. pp 325.325 (1998)), 
e.g., for fillii^ dermal creases or lip reconstruction. 

HA hydrogels match several of the desired properties for a 
biodegradable material biocompatible with cells. The relatively simple repetitive 
30 wnictureofHAaUow, for specific inodificarion and introduction ofahffge number 
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of functional groups, for crosslinldng to generate hydrogds with excellent physical 
properties. HA hydrogds have also successfully been used as a delivery vehicle in 
chondrocyte transplantation studies (Robinson et al,, Calcif Tissue Tt^ t 46, 246-253 
(1990)) and HA has proven its biocompatibility in various forms in cUnical practice 
5 (for review see Laurent and Fraser, supra; Balazs and Laurent, supra). 

The reaction mechanisms we have explored for in situ 
polymerization of HA derivatives arc compatible with an aqueous environment and 
are non-t05dc to colls. The aldehyde*mediated crosslinking strategiea follow 
reactions occurring physiologically in crosslinking of fibrillar collagens and elastin, 
10 NHS-esters provide an alternative tbr rapid fonmation of stable bonds under 
physiological conditions, primarily by reaction with primary amines. The 
technology of NHS-ester-mediated protdn crosslinking has been developed for 
materials with applications in plastic surgery that require in siiu polymerization 
(U.S. Patent No. 5,413,791). 

5 5 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows the results of a ninhydrin test after reductive alkylation 
of HA and HA-aldehyde in the presence of putrescine. Reductive alkylation was 
carried out vnth an excess of putrescine in the presence of pyridine borane. HA or 
derivatives thereof were purified by repeated ethanol precipitation prior to detection 

20 of free amino groups on the HA chain by using the ninhydrin test (Sheng et al.» 
Ana], Biochem 211, 242-^249 ( 1 993 )), 

Fig. 2 shows 'H NMR of native HA (Fig. 2 A) and an HA-derivative 
with protected aldehyde functionality (Fig 2B) in D,0 at 300 MHz. Peaks are 
assigned as indicated on the structural formula. 

25 Fig. 3 shows « NMR of HA^erivatives with amine functionaHty 

formed from putresscine (Fig. 3AX histidine (Fig. 3BX lysine (Fig, 3C), and adipic 
dihydraadde (Fig. 3D) in D,0 at 300Mhz. Peaks are assigned as indicated on the 
structural formula. 
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Fig. 4 shows digestion of crosslinked HA hydrogds with 
hyaluronidase. In Fig. 4A, HA-hydrogd. were fanned by crosslinking UiBg/ml 
highly modified (-65-70%) HA-anrine (adipzc dihydrazido-HA) with 15 mg/ml 
(SPAX-PEG. Geb were incubated ivith different concentrations of bovine testicular 
5 hyahmjliidase (HYALase) for the indicated time and the degradation of the gds wa. 
measured by the release of glucuronic add into the supernatant using the carbazole 
method. (Bitter and Muir.AaaUiJ2$aifinL 4. 330.334 0962)). InFig.4B.HA- 
hydrogek were foimed by crosslinking 12 mgAnl optimally modified (-20-23%) 
HA-anine (adtpic dihydnaido-HA) with 15 mg/ml (SPA)2.PEG (0), 12 mg/ml 
10 highly modified (-65.70%) adipic dihydraado-HA with 15 mg/ml (SPAVPEG (A); 
12 mg/ml optimally modified (-20-25%) lyane methylesicr-HA with either 15 
mg/ml (SPA),.PEG (A) or 0.44 rag/ml glutaraldefayde (o). and 12 mg/ml optimally 
modified (-10=15%) diammobutyl-HA with 15 mg/ml (SPAVPEG (o). GeU were 
incubated with different concentrations of bovine testicular hyabironidase for the 
1 5 indicated time and the degmdation of the gds was measured as in Fig. 4A above. 

Fig. 5 shows phase contrast images of cells cultured on difibrent 
crosslinked HA hydrogds. Fig. 5A. Dedifferentiated chondrocytes cultured on a 
hydrogd formed from highly modified (-65^70%) HA-amine (adipic dihydrazido- 
HA) crosslinked with 5 mg/ml (SPA).-PEG aggregate as a consequence of inability 
20 to adhere to substratum. Fig. SB : Cdls cultured on a hydrogel made up by the 
same HA-aminc crosslinked with 0.25 mg/ml glutaraldehyde show a rounded 
morphology and no aggregation indicating that they arc able to adhere to the 
substratum. Fig. 5C: Cells cultured on a hydrogd formed from the HA^amine 
(adipic dihydnuido-HA) modified to a degree of -20-25% and crosslinked with 2 
25 mg/ml (SPAX-PEG adheie to the substratum, spread and subsequently infihrate the 
hydrogel AD images show ceQs 24h post seeding but morphology remains the same 
even after several di^ m culture. 

Fig. 6 shows in vivo evahiation of HA hydrogels formed ft^om 
different HA derivatives using aldehyde-mediated crosslfaildng. Subcutaneous 
30 imphmtation in rats of HA hydrogds consisting of (Fig. 6A) 12 mg/ml optimally 
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modified (-20-25%) HA-a^ne (adipic dihydraridcHA) aosslinked whh 0.25 
mg/ml glutaraldehyde. (Fig. 6B) 7 mg/ml of the same HA-amine crosslinked with 7 
mg/mlHA-aldehyde (periodate oxidized). (Fig, 6C) 7 mg/ml of the same HA-amiae 
crosslinked vdth 7 mg/ml HA-aldehyde (deprotected anuno-dimcthyl acctaJ-HA, 
5 -10-15»/- modified), or (Fig. 6D) 7 mg/ml of the same HA-amine crosslinked with 7 
mg/ml HA-aldehyde (deprotected hydrazido-dimethyl acetal-HA, 4(M5% 
modified). lUe hydttJgd* also contained 1 tng/ml prefibrillized intact collagen type 
I.200Mg/mlBMP-2a«d500ngAnIIGF-l to induce bone formation. Tissue 
specimens were harvested 10 days post implantation, fixed in formalin and 

10 ProcessedforlmtologybyparaflBnembedding. Sectiomwerestainedwith 
Haematoxyfin/Eosia m, matrix material (note: matrix material shrinks during 
dehydration); s, skin Cmdicates oriematton of implant). 

Fig. 7 shows in vivo evaluation of HA hydrogds crosslinked with 
differewNHS-esters. Subcutaneous implantation in rats of HA hydrogels 
consisting of (Fig. 7A) 12 mg/ml modified (^5-70%) HA-ammc (adipic 
dihydra^ido-HA) crosslinked with 15 mg/hd (SPA)..PEO, (Rg. 7B) 12 mg/ml 
optimally modified (-20-25%) HA-amine (adipic dihydrazido-HA) crossKnked with 
15 mg/ml SPA^-PEG, or (Fig. 7C) 12 mgtol of the same optimally modified HA- 
amine crosslinked with 3 mg/ml DTSSP (crosslmker concewrations are equal on a 
molar basis). The hydrogels also comained 1 mg/ml prefibrillized intact collagen 
type I. 200 ng/ml BMP-2 and 50 ng/ml TGF-P2 to induce bone fi>imation. Tissue 
specimens were harvested 1 0 days post implantation, fitted in fonnalin and 
processed for histology by parafHn embedding. Seaions were stained with 
Haemaioxylin/Eosin, ra, matrix material (note: matrix material shrinks during 
25 dehydration); s, skin Cmdicates orientation of implant). 

Pig. 8 shows differential effea of growth factors incorporated into 
HA hydrogels on tissue transformation. Subcutaneous implantation in rats of the 
HA hydrogd formed firom 12 mg/ml optimally modified (-20-25%) HA-amine 
(adipic dihydtazido-HA) ciossliDked with 15 mg/ml (SPA),.PEG. The hydrogels 
also comained 1 mem prefibriffized mtaa coUagen type I, and were supplemented 



20 



30 
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ehher vdth 200 ,«/nJ BMP-2 and 500 ng/„J IGF- 1 (Fig. 8A), or 200 ^ BMP-2 
and 50 ng/ml TGF-P2 (Fig. SB). Ti«ue specimens were han^ested 10 days po« 
™p«ant«ion, fixed in fomulb and processed for histology by paraffin enibeddbg 
Sections were stamed wfth Hacmatoxylin/ Eosin. 

5 BRIEF DESCRIPTION OF THE REACTION SCHEMES 

Scheme 1 illustrates periodate oxidation of hyaluronic acid. 
Scheme 2 illustrates coupling of wnine, to hyaluronic acid with EDC 
via an active triazole ester intmnediate. 

Scheme 3 illustrates coupling of amines to hyaluronic acid with EDC 
10 via an active AT-hydrojcysuccininiide ester intermediate. 

Scheme 4 illustrates crosslinking of amine functionalized hyahironic 
acid with various bifunctional AT-hydroxysucdnimide ester crosslinkers to fom. 
hydrogels. (1. (SP AX-PEG; 2. DTSSP). 

Scheme S illustrates crossBnldng of amine fiinctionalized hyaluronic 
15 acid with glutaraldehyde to form hydrogds. In addition to the conventional 
reaction of aldehydes with amines that results in the formation of a SchifFbase, 
glutaraldehyde is also known to undergo polymerization by aldol condensation 
yielding polymers with «, P-unsaturated aldehydes at neutral or slightly alkaline pH 
(Richards and Knowles, LMot, Bjfll. 37. 23 1-233 (1968)). Subsequent, 
20 nucleophiUc addition of amines at the ethylcnyl double bond creates a stable 
crosslink. 

Scheme 6 illustrates formation of hydrogels with aldehyde 
fUnctionalized hyaluronic add. (1. amine functionalized HA; 2. bifunctional 
amine). 
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DETAILED DESCRIPTION OF THE INVENTION 

Using the methods of our invention, we generate an activated fonn 

of HA that differs minimally from native HA to conserve its unique physico. 

chemical properties. We also effect a minima] change affecting only a relatively 
5 small number of dissaccharide units of native HA so that wt do not alter its 

property to serve as a cell substratum. 

We initially attempted to generate an aldehyde derivative of HA by 

reduction of the carboxyl groups of the glucuronic add moieties into aldehydes 

using 9-borabicyclo-3,3-nonane, a method that allows direct conversion of the 
10 carboxylic acid into the aldehyde (Cha et ah. Bull Korean rh^m 9, 48^52 

(1988), Cha et al. Org. Prep. Proc ^pt 21, 451-477 (1989)): 

1) HA-cooH (I) — ^ ha<:ho (H) 

However, even though preliminary testing indicated the conversion 
of the carboxyl groups into aldehydes to a degree of approximately 5-10% (Fig. 1), 

1 5 mixtures of concentrated, viscous H A-aldehyde solutions (~ 1 0 mg/ml) with 'small* 
polyamines such as putrescine, lysine, polylysine, histidine, or pol>Hhastidine did not 
generate stable gels in a reasonable time frame to be suitable for /;i sJiu 
polymerization. It is important to note that the chemical properties of HA are 
determined not merely by its functional groups per se but also by the accessibility of 

20 these fiinctional groups of HA in an aqueous environment, which is related to the 
overall conformational structure and rheological properties of HA. HA behaves like 
a hydrogel in an aqueous media even in the absence of crosslinks because it forms a 
network stabilized by hydrogen bonds and van der Waals forces (Laurent and 
Fraser, supra). To increase the accessibility of functional groups, we introduced a 

25 spacer between the fiinctional group and the HA chain. 
Introducing a fiinctionalized side fiha fn onto HA 

We have subsequaitly developed methodology for introducing side 
chains into HA by carbodiimide-mediated coupling of primary or secondary amines 
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to the carboxyl group of the glucuronic acid moiety using an active ester 
intermediate. We have used this methodology to generate HA with different 
terminal functional groups for crosslinking including acetals. aldehydes, amines, and 
hydrazides. A wide range of functionalized amines are commercially available 
5 which allows us to introduce a wide variety of different functional groups useful for 
crosslinking under physiological conditions using this methodology, including 
raaleimides that react specifically with sulfhydryls or arylazides for 
photocrosslinking besides the amines and aldehydes described below. 

Direct carbodiimide-mcdiated coupling of amines to the carboxyl 
1 0 group of HA in an aqueous environment, «,g., with EDC { 1 -cthyl-3-[3- 

dimethylaminopropyl] carbodtimide), does not yield the predicted product since the 
0-acyl isourea that is formed as a reactive intermediate rearranges rapidly to a 
stable ;v-acyl urea (Kuo et aL, supra). We demonstrate that by "rescu'mg" the active 
O-acyl isourea by formation of a more hydrolysis resistant and non-rearrangable 

15 active ester intermediate, the coupling of primary amines to HA is possible, A wide 
variety of active carboxylic esters exist and could be formed for further reaction 
including NHS-estcrs, nitrophenol esters, triazole esters, sulfonic esters, etc., as 
long as the reagent for their preparation is soluble in RO or in other polar solvents 
such as dimethylsuifo)cide or dimethylformamide, HA is soluble in H.O or other 

20 aprotic polar solvents in native form and when prepared as a sodium salt or when 
prepared as a tetrabutylammonium $alt as described in U.S. Patent No, 4,957,744, 
respectively. Wc have formed active esters of HA with l-hydroxybenzotriazole 
(HOST) or Mhydroxysulfo-succinimide using the H^O soluble carbodiimide EDC 
for coupling. Nucleophilic addition to the ester formed from HOBT requires the 

25 amine to be presented in unprotonated form at acidic pH (about 5.5 to 7.0). Only a 
limited number of amines including hydrazufies and activated amines, e,g., ethylene 
diamine, have pKa values in a suitable range and are consequently unprotonated and 
reactive with the ester-intermediate formed with HOBT (Scheme 2). Sunple 
primary amines, c»g„ putrescine, which typically have pKa values > 9 do not form 

30 significant amounts of adduct under acidic coupling conditions. The N- 
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for the coupling reaction to be carried out at neutral pH (about 7.0 to 8.5) and 
consequently yields products by reaction with simple primary amines (Scheme 3). 

Consequently, this methodology allows for the following reactions 
to be carried out: 

5 HA-COOHO) + H^-R(I1I) > HA-CO-NH-R (IV) 

HA-COOH(D + R'^NH.R(V) > HA-^CO^NR'-R (VI) 

wherein R and R' are alkyl, aryl, aUcylaryl or atylalkyl side chains which may 
contain hctcro atoms such as oxygen, nitrogen, and sulfiir. The side chain may be 
branched or unbianchcd, and be saturated or may contain one or more multiple 

10 bonds. The carbon atoms of the side chain may be continuous or may be separated 
by one or more functional groups such as an oxygen atom, a keto group, an amino 
group, and oxycarbonyl group, etc. The side chain may be substimted with aiyl 
moieties or halogen atoms, or may in whole or in part be formed by ring structures 
such as cyclopentyl, cyclohcxyl, cycloheptyl, etc. The side chain may have a 

15 terminal ftmctional group for crosslinking such as aldehyde, amine, arylazide, 
hydrazidc, maleimidc, sulfhydiyl, etc. The side chain may be a bioactive peptide, 
e.g., containing receptor binding sites or proteolytic cleavage sites. 

Terminal functianal groups of the side chain useful forcrosslinking 
of HA under physiological conditions may be selected from the following hst: 

L aldehydes, see exan^ies 

(Vn) H,N-R-CHO 

2. amines, see Examples 
(Vni) HJ^-R^NH, 

3, aiylazides, e,g., 4"(p-azidosaiicylamido) butylamine 
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(K) 




4. malcimidcs, e.g., 4-(JV*maIeimidomethyl) cyclohexaae-1- 
carboxylhydrazide 



5 (X) 




O 

5. sulttiydryls, e.g., S^methyisulfide cysteiiie 
(XI) ItN-R^SH 

6. peptides, e.g., HN-APQQEA, comprising substrate sites for 
1 0 enzymatic crosslinking, e.g., by transglutaminases (Parameswaran ct al, Pioc. 

N^t|, At;^i, SfiirUSA 87, 8472-8475 (1990); Hohenadl et al., J. BioL Chem. 270, 
23415-23420(1995)) 

The carbodiimides useful in this reactioDi may be r^rescntcd by the 
following fonniila: 

IS (X]I)R-N=C=N-R* 



wherein R and R* comprise side chains of variable structure as described above in 
detail Carbodiimides which are soluble in an aqueous media are prefened. 
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The active ester may be of the following class mi be fonned by 
carbodiimide-mediated coirpling of a co]3ipouxid for preparation of these active 
esters known to a person in the art: 

1. triazole esters, e,^. l-hydroxybenzotiiazole 

5 (XED) 



P 

HA' "C N 



2. NHS-esten, e^, ^-bydroxysulfosucciiiioudc 

(XIV) 
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Preparation of HA>aldehvde derlvftrtvi>c 
5 A side chain containing a protected aldehyde in the fonn of an 

acetal was prepared as foDows. Ar.(2;2*dimcthoxycthyl)w^methoxycarbonyl) 
butanamid© was obtained from aminoacet-aldehydc dimethyl acetal and mono- 
methy} succinate using EDC coupling. An amino group for the coupling to HA 
was subsequently introduced by reacting the product with hydrazine, yielding the 

10 desired side chain witij the protected aldehyde, 7V^-(2^-dimcthoxyethyI)-4- 

(hydrazido)butananiide. The side chain was cox^led to HA using HOBT and EDC 
(Scheme 2). An acetal side chain with a sin^jlc primary amine, 1 -aniinoethyl- 
dimethylacetal, waa conjugated to HA using iV-hydroxysuccinimide and EDC 
(Schemes). The HA-derivatives were purified by cthanol precipitation* The 

15 nature oftheHA-^erivatives was confinned by «NMR (Fig. 2). ThcHA-acetal 
dOTvati ves are easily activated to the reactive aldehydes by mild acid treatment 
Other HA-aldehyde derivatives with variations in the length of the side chain have 
been prqiared in a similar manner. See Examples 1-3. 

tegparation of HA-amine t^q-fy^^v^fi 
2^ Diaminocthane, lysine methyl ester, histidine, and adipic, succinic 

or suberic dihydrazide was coupled to HA using HOBT and EDC (up to 5 fold 
excess depending on the desired degree of modification) and adjusting the pH to 
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-6.5 by repeated addition of O.IM HCl during the reaction (Scheme 2). HA- 
derivatives were also prepared in a similar manner using A^-hydroxy- 
sulfbsuccinimide and primary amines containing uncoiyugated amino groups with 
a higher pKa (>9) such as 1,4-diaininobutane or 1.6 diaminohexane (Scheme 3). 
The HA derivatives were purified by repeated ethanol precipitation or by extensive 
dialysis, and the nature of tile HA dotvatives was confinncd by H NMR (Fig. 3). 
The degree of modification was calculated ftom the NMR data and found to be as 
high as 70%. Reaction conditions were subsequently adjusted such that a degree 
of modification of approximately 20% was achieved. Limiting the amount of 
caifoodiimide proved to be most successfid in controlling the degree of 
modification. A degree of modification of 10-25% yielded efiScient cressUnking 
but also a molecule that would still be recognized by glycosidases and by HA 
receptors as HA and thus allow forrecognition and pioees^g of the material by 
cells (see below). Similar HA derivatives were synthesized using succinic, adipic 
1 5 or subaic dihydrazide or diaminoethanc, -butane, or -hexanc to study the effect of 
the length of the spacer separating the introduced ftmctional group ftom tfie HA- 
chain on the subsequent crosslinking. See Examples 4-8. 

CrossHnked HA hv<irnff,]ff 

The fimctionalized HA molecules can be crosslinked by reacting 
20 HA derivatives with different fimcticHiaMties or using homo- or heterobifunctional 
crossHnkras wiiidi are available in large variety. The following basic reaction 

sdiemes are suitable for oosslinking of the described fonns of modified HA (see 
£xaDq}les 9-12): 

1. aldehyde-mediated crosslinking 
Rl CHO * HjN— Ra C=N— R, 



2. active ester-'Xnediated crosslinldcig 
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O 

HjN — — .^j: ^ U ^ ^1^^ 



3. znaleimide-mediated crosslinking 



pH >6.5-7.5 
IC— SH " R 




S R* 



4. photo-crosslinkiiig 



265-275 nin 

Na ^ Ra Ri N 

(30CM60nmwitil 



S 5. enzymatic crosslinking (transglutaminase) 
Rr(CH),-CONH, + ELN*R, > 

Crosslinking of Che HA-amine derivatives (Mr --lO*) with 
bifunctional active esters, e.g., polyethyleneglycol-bis-succinimidyl-propionat« 
[(SPA),-PEG] and reducible 3,3'-dithiobis(snlfo--succinimidyl-propionate) 
10 (DTSSP) (Scheme 4), or bifimctional aldehydes, e.g. gjutaraldehyde (Scheme 5), 
generated excellent hydrogels. Stable gels could be formed by crosslinking 5 to 25 



wo 00/168ia 



PCT/EP99/069I3 



-27- 

derivative with >0.0S mM aldehyde or >0.2 mM active ester (numbers are reflecting 
functional group concentrations). Optimal gels were generated by crosslinking 10^ 
15mg/ml HA derivative, modified to a degree of about 10-25%, with about 0.2mM 
aldehyde or 0.6mM active ester. Similarly, crosslinking of the HA^aldehyde 
5 derivatives (Mr ~10«) (optimally about 10-15mg/tnl) with biftmctional amines 
(optitnally about 0.2niM) yielded exceUent gels (Scheme 6), Conjugated amines 
such as dihydrazines or benzylamines are required for in siiu polymerization of HA 
in this case to resonance stabilize the unstable Schiff base product formed by 
reaction of an aldehyde with a primary amine (i.e., hydrazines yield a more stable 
10 hydrazone linkage), Hydrogels were also formed from an equimolar mixture of 
HA-aJdehyde derivatives and the dilfferent HA-amine derivatives (Scheme 6). 
Optimal gels were formed with -15mg/ml of the HA derivatives. At the optimal 
concentrations of HA and crossHnkcr, gelation occurred typically in about 30 sec. 
to 5 min. which is suitable for in situ polymerization. The crossllnked HA 

15 hydrogels were sensitive to glycosidases, i.a, testicular hyaluronidase, indicating 
that they are biodegradable (Fig. 4), 

A number of different tests including cell culture assays and animal 
experiments served to assess biocompatibility of the formulated biomaterials. 
Embedding of chondrocytes into the polymerizing HA hydrogels showed that 

20 neither aldehyde nor NHS-ester-mcdiated crosslinking was toxic to cells at the 

concentrations employed. Seeding of cells on top of prcpolymerizcd HA hydrogels 
showed a wide variety of cellular behaviours depending on the nature of the 
crosslinker and crosslinking density (Fig. 5). Highly crosslinked HA hydrogels were 
impenetrable to cells (Fig. 5, A and B), while optimaJly crosslinked gels were 

25 infiltrated (Fig. 5C). Supplementation of the HA hydrogels with cell adhesion 
molecules such as fibronectin (in the range of 0. 1 to 1 mg/ml) did induce adhesion 
and spreading of cells on the materials independent of the nature of the crosslinker 
and the crosslinking density, but did not change the results with regard to cell 
infiltration, demonstrating that the lack of infiltration is due to the high crosslinking 

30 density and not the absence of cell-^matrix interactions. See below and Fig. 7. 
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Subcutaneous tmplantation of biomaterials in rats is the established 
model for evaluation of biocompatibility of biomaterials (Laurencin et a!., 
Biomg4r Mat, Res. 24, )463-148] (1990)) and for induction of ectopic bone 
fonnation by members of the TGF-P gene family, and bone morphogcnetic proteins 
5 (BMP) tn particular (Wang et al., Proc. Natl. Acad. Sci. U.S.A. 87,2220-2224 
(1990); Sampath aL, J. Biol. Chem. 267, 20352-20362 (1992)). Taking into 
consideration the cell culture results, we have formulated a number of HA 
hydrogcis for in vivo biocompatibility testing in this model Implantation of 
prepolymerized HA hydrogel discs loaded with recombinant BMP-2 and IGF-l or 

10 TGF-P2 subcuianeously in rats showed a mild fibrosis with a varying degree of 

cartilage and bone formation depending on the nature of the HA biomaterial (Figs. 6 
and 7). The growth fiictors were mixed with the HA derivatives prior to gelling and 
the induction of bone formation suggests that neither reaction mechanism used for 
HA crossiinking (aldehyde or active ester-mediated reactions) significantly affected 

1 5 the biological activity of the growth factors. Little inflammation was observed v^th 
active ester crosslinked HA-aminc derivatives (Fig. 7) or with HA-amine derivatives 
crosslinkcd with various HA-aldehyde derivatives (Fig. 6B-6D) while a stimulation 
of foreign body giant cells was seen when the same HA-amine derivatives were 
crosslinked with glutaraldehyde (Fig. 6A). The degree of modification of RA 

20 strongly affected the resorption and transformation rate of the biomaterials (Fig. 
7A, 7B). Nevertheless, limited bone formation was seen even with a biomaterial 
formed from a highly modified (65-70%) HA-amine derivative (Fig. 7 A). The 
absence of bone formation with a smaller bifunctional NHS-estcr crosslinkcr 
indicates that the size of the generated crossbridge is crucial for resorption and 

25 cellular infiltration (Fig. 7C). This is probably due to the difference in pore size of 
the material formed v^th crosslinkers of different sizes. The infiltration and 
transformation rate was similar with BMP-2/IGF-1 and BMP-2yTGF-p2 loaded 
biomaterials, indicating that the resorption rate is a material property. However, at 
ten days post-implantation, the newly formed tissue was largely cartilage in the first 

30 group and largely bone in the second group (Fig. 8), exemplifying the angiogenic 
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effect of TGF-.p2 (Yang and Mo^es, J. CelL Big]^ 1 1 1, 731-.741 (1990)). This 
demonstrates that the biological activity of the HA material can be modulated by 
inclusion of different bioactive factors. The lack of significant adverse effects and 
the demonstration of the desired biological activity of these novel HA biomaterial$ 
S in vivo demonstrates their usefulness as a delivery vehicle for cells and growth 
factors in the field of tissue regeneration. 

There are several approaches to the production of HA, including 
extraction from tissue and biosynthesis. Extraction from tissue typically uses fresh 
or frozen cocks* combs (U.S. Pat. No. 5.336,767), although other tissues including 

10 the synovial fluid of joints (Kvam et al.. Anal. Bioch^ m 2n 44-49 (1993)), human 
umbilical cord tissue, bovine vitreous humor, and bovine tracheae, have been used. 
It i$ also possible to prepare HA by nacrobiological methods, such as by cultivating 
a microorganism belonging to the genus Streptococcus which is anhemolytic and 
capable of producing HA in a culture medium (U.S. Pat, Nos, 4,897,349; 

15 4,801,339; 4,780,414; 4,517,295; 5,316,926), The HA raw material for preparing 
the compositions of the invention preferably consists of high molecular weight HA, 
more preferably of molecular weight greater than 0. 5 million daltons, and more 
preferably of molecular weight greater than one million daltons. The HA raw 
material for the compositions of examples of this invention described herein was 

20 obtained from Gcnzymc Corp, (Cambridge, MA), and had a molecular weight 
greater than one million daltons. The size of the HA was unchanged after 
derivatization. 

The compositions of the invention have many therapeutic uses. The 
fact that the compositions may be cured in a surgically praaical time frame of one 

25 to five minutes /// sitv with concurrent crosslinking to the tissue surfaces allows for 
employment as a tissue ^ue, Many situations in various surgical applications 
require such adhcsives. For example, the compositions of the invention may be 
used to stem hemorrhage in general surgery, reconstruct nerves and vessels in 
reconstructive, neuro* and plastic surgery, and to anchor skin, vascular, or cartilage 

30 transplants or grafts in orthopedic, vascular, and plastic surgery. Those of skill in 
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the art may choose and design particular embodiments of the invenUon which are 
particularly suitable for a desired application, by adjusting several factors, including: 
(1 ) the degree of flinctionalization of HA, which affects the crosslinking density of 
the material and interaction with cellular proteins, including receptors and 
5 glycosidases; (2) the concentration of the crosslinker, which affects the crosslinking 
density of the material; (3) the size of the generated cross-bridge, which affects the 
pore size of the material; (4) the nature of the crosslinking mechanism, which 
determines polymerization time and the specificity of the reaction; and (5) the 
nature of the cross-bridge, which provides biological cues. Sec Figs. 4, 5. and 7 for 
1 0 data concerning HA hydrogels with different crosslinking densities and pore sizes. 
Generally, active ester- or photo-crosslbking are preferred to form materials for 
applications requiring fast gelation and strong bonding with tissue surfaces, such as 
tissue glues. Materials with anti-adhesive properties, which are useful to form tissue 
separations or for tissue augmentation, are formed from highly modified HA 
15 derivatives whh low molecular weight crossllnkers, which generates a dense 
material with very small pores, thereby minimizing cell adhesion and infiltration. 
Conversely, biodegradable scaffolds for tissue repair are formed from HA with a 
limited degree of derivativization and high molecular weight crossllnkers, which 
generate a porous, biodegradable material. The crcssbridge may even contain 
20 biological cues, such as peptide sequences, which facilitate material degradation by, 
for example, proteolysis or cellular infihration (e.g., the RGD sequence). 

Compositions of this invention were designed to serve as a vehicle 
for the delivery of cdls or bioactive molecules such as growth factors to stimulate 
focal repair. The crcsslinked HA derivatives are porous hydrogels in which 
25 biologically or therapeutically active compounds (e.g., growth factors, cytokines, 
drugs, and the like) can be physically or chemically incorporated. These 
compounds vwll then be subject to sustained release by chemical, enzymatic, and 
physical erosion of the hydrogel and/or the covalent linkage between the HA chain 
and biologically active compound over a period of time. Local delivery of growth 
30 factors with such a scaffold facilitates wound healing and tissue regeneration in 
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many situations, For example, the compositions of the invention may be used not 
only to promote bone formation and stimulate cartilage repair in orthopedic 
procedures, as described more fiilly below, but also to treat pathological wound 
conditions such as chronic ulcers. They may also serve as a scaffold to generate 
artiiicial tissues, e.g., caniiagc (Hauselmann ct al., Am, J. PhvsioL 271, C742-752 
(1996)), through proliferation of autologous cells in culture. Similar procedures for 
generation of equivalents of other tissues or organs, including skin, liver, and 
others, in culture may be developed in the fijturc and may be used in combination 
with the compositions of the invention. 

Highly crossiinked materials have an anti-adhesive property with 
respect to cells, and such compositions may be used to generate tissue separations 
and to prevent adhesions following surgery. See Figs. 5 A and 7C, showing highly 
modified HA-amine, i.e., adipic dihydrazido HA, preferably crossiinked with low 
molecular weight bifunctional NHS-ester. The viscoelastic properties of HA make 
it particularly well suited for this purpose, and it is used clinically to achieve 
temporal pain relief by repeated intraarticular injections in arthropathies as a "joint 
lubricant", and as a protective agent for eye irritations and in ophthalmic surgeiy. 
The technique of tissue separation is used in facial reconstruction in plastic surgery 
and dentistry. Prevention of the fonTiation of adhesions is particulariy relevant in 
reconstructive surgery of tendons, in surgical procedures in the urogenital system, 
and in thoracic surgery. Many different HA-based materials are already in clinical 
use in these areas. (See products manufiicturcd by Anika Therapeutics, Inc. 
(Woburn, MA), Biomatrix, Inc. (Ridgefield, NJ), Genzyme Corp. (Cambridge, 
MA), and Fidia, S.p.A. (Abano Tcrme, Italy)). Those of skill in the art may choose 
and design particular embodiments of the invention which are particularly suitable 
for a desired application by selecting distinct features as outlined above. 

The injectable nature of the compositions of the invention also 
renders them suitable for tissue augmentation in plastic surgery, where the HA 
matrix serves primarily as a biocompatible filler material, e.g., for filling dermal 
creases or lip reconstruction. Again, those of skill in the art may choose and design 



particular embodiments of the invention which are particularly suitable for a desired 
application, as outlined above. 

The half-life of pharmacological compounds, both synthetic and 
biological, has been shown to be drastically increased when delivered in a form 
conjugated to HA (Larsen and Balazs, Adv Dmo; ndiverv Rev 7, 279-293 ( 1 99 1 ); 
Drobnik, J.. Dru^DelivgTy Rev 7, 295^308 (1991)). The flinctionalized forms of 
HA provided by this invention allow for easy substitution with pharmacologicaliy 
active agents, such as witi-inflammatories, analgesics, steroids, cardiovascular 
agents, anti-tumor agents, immunosuppressants, sedatives, anti-bacterial, 
anti-fungal, and anti-viral agents, etc., and may be used for sustained drug release 
over time, either locally in hydrogel form or systemically in free form. 

In orthopedic surgery, the ftinciionalizcd forms of HA of this 
invention have applications as a Ussue glue or bioactive matrix material in the 
treatment of chondral and osteochondral fractures, osteochondritis dissecans, 
meniscal tears, as well as ruptured ligaments, tendons, or myotendineous junctions. 
The HA materials of this invention m^ serve to facilitate anchorage of chondral or 
osteochondral transplants or grafts, or other bioloj^cal or artificial implant 
materials, or to stimulate new bone or cartilage formation by serving as a scai3bld 
for cells or as a delivery vehicle for growth factors. One general approach to 
promote articular cartilage repair based on the compositions of the invention 
comprises using: (1) insifu polymerized HA hydrogel as a matrix to fill the defect 
which is to be repaired and to provide a scaffold for repair cells, (2) an optional 
chemotactic agent to attract repair cells to the matrix and defect site, or 
alternatively, autologous chondrocytes or mesenchymal stem cells, (3) an optional 
factor to promote cellular proliferation of repair cells In the matrix and defect site; 
(4) sustained release of a transforming factor by the HA hydrogel over time to 
promote differentiation of the repair. 

Throughout this specification and claims, the word **comprisc,*' or variations 
such as "comprises" or '^comprising,^' will be understood to imply the inclusion of a 
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stated integer or group of integers but not the exclusion of any other integer or 
group of integers. 

In order that this invention be more fully understood, the following 
examples are set forth. These examples are for the purpose of illustration only and 
5 are not to be construed as limiting the scope of the invention in any way. 

Example 1 

Pruparatiofi of N-(2,2^Dimeihoxyethyl)-4^ 
(m0ihoxycarbQnyl)butanamidii (I) - EDC (4.98g, 0.026moi) was added to a 
mixture of arainoacetaldehyde dimethyl acetal (2. 18ml, 20mmol) and methyl 

10 monoester of succinic acid (2.64g, 2ammol) in 75ml of dichloromethane, and the 
reaction mixture stirred for 24 h at room temperature. The solution was extracted 
successively with 50ml each of ice cold solutions of 0.75M sulfuric acid, IM NaCl 
saturated sodium bicarbonate, and IM NaCl The organic phase was collected and 
dried with sodium sulfate* The solvent was evaporated under reduced pressure 

15 yielding a syrup, which showed a single spot on charring upon TLC in solvent A (R, 
0.75) and solvent B (R, 0.24). The apparent yield of 1 was 65%: 'HNMRin 
CDCl, 6 5.70 (bs, IH, N^O. 4 34 [t, IH, C/^OCH,). 3.67 (s, 3H, COOCH,), 
3.43-3.35 (3 and t, 8H, C//,OC and CHC^.NH), 2.38-2.26 (m, 4H, C^CO). 

Formation of Acyl-hydrazide (2) from I - Anhydrous hydrazine 

20 (248^1, 7.9mmol) was added to a solution of 1 (1 -73g, 7.9mmol) in 5ml of 

anhydrous methanol. The mixture was stirred at room temperature overnight and 
the solvent subsequently evaporated under reduced pressure yielding a solid residue. 
The residue was dissolved in RO (6ml) and extracted three times with an equal 
volume of dichloromethane. The aqueous solution was evaporated to dryness 

25 under reduced pressure and then further dried overnight in vacuo The crystalline 
solid (1.04g, 82% yield) was homogeneous on TLC in solvent A (R, 0. 10) when 
visualized by charring. The »H NMR spectrum indicated the loss of the ester 
methoxy group when compared to 1. 
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Preparcaion of Hydrazido-dimethyl acetal-HA (formula XIX) - 
Sodium hyaluronate (lOOmg, 0.25iiunol) and Af-(2,2-dimethoxyethyl)-4- 
(hydrazido)butanamide (2) (1.646g, T.Smmol) was dissolved in H,0 (40ml. 
2.5mg/ml HA). The pH was adjusted to 6.5 and HOBT (169mg, 1 .25mnioJ) 
5 predissolved in a 1 : 1 mixture of water and DMSO ( 1 ml) and EDC (240mg, 

1 .25iimiol) was added and the reaction mijoure was stirred overnight. The pH was 
subsequently adjusted to 7.0 with IM NaOH and NaCl added to produce a 5% w/v 
solution. HA was precipitated by addition of three volume equivalents of ethanol 
The precipitate was redissolved in H,0 at a concentration of approximately Smg/ml 
10 and the precipitation repeated twice. The purified product was freeze dried and 
kept at 4'C under N,. See Rg. 2B for NMR dau of the product. 

POX) 




Example 2 

Preparation of Ammaacetaldehyde-dimathyl acetal-HA (formula 
XX) - Sodium hyaluronate ( ) OOmg, 0.25mmol) and 2,2-dimethoxyethylamine 
(0.788g. 7.5mmol) was dissolved in H,0 (40ml, 2.5mg/ml HA). The pH was 
adjusted to 7.3 and NHS.SO,Na (268mg, 1.25mmol) and EDC (240mg, l.25mmol) 
was added and the reaction mixture was stirred overnight. The pH was 
20 subsequently adjusted to 7.0 with IM NaOH and NaCl added to produce a 5% w/v 
solution, HA was predpitatcd by addition of three volume equivalents of ethanol. 
The precipitate was redissolved in H.0 at a concentration of approximately 5mg/ml 
and the predphation repeated twice. The purified product was freeze dried and 
kept at 4*C under N,. 
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(XX) 

0CH3 

Example 3 

Deprotectlon of HA^celah to form HA-altkhydts - The acetal 
modified HA (fonnula XXI) was dissolved m H,0 to a concentration of S-lOmg^ml 
5 and IM HCl was added to give a final concentration of 0.025M. The solution was 
then allowed to stand at room temperature for 0.5 to 1 Oh. The solution was 
neutralized by the addition of IM NaOH, yielding the deprotected HA-aldehyde 
(formula XXH). 

HA-C0-R-CH(OCH,). (XXI) > HA-CO-R-CHO (XXH) 

10 Example 4 

Preparation of Diammoethme-HA (fonnula XXHI) - Sodium 
hyaluronate (lOOing, 0.25mmol) and I,2-diaiiiinoethane HCl (0.998g, 7.5minol) 
was dissolved in H:0 (40ml, 2.5mg/ml HA). The pH was adjusted to 6.5 and 
HOBT (169mg, 1.25mmol) predissolved in a 1:1 mixture of water and DMSO 

15 (1ml) and EDC (240m8. l.25mmol) was added and the reaction mixture was stirred 
ovemi^. The pH was subsequently adjusted to 7.0 with IM NaOH and NaCl 
added to produce a 5% w/v solution. HA was precipitated by addition of three 
volume equivalents of ethanol. The precipitate was redissolved in H,0 at a 
concentration of approximately 5mg/ml and the predpitation r^ted twice. The 

20 purified product was freeze dried and kept at 4'C under N,. 
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Example 5 



10 



Preparation ofL-Lysim methyl esier-HA (formula XXIV) - Sodium 
hyaluronate (lOOmg, 0.25nunol) and L-Iysine methyl ester dihydrochloride (l.748s. 
y.Smraol) was dissolved in H,0 (40ml, 2.5mg/ml HA). The pH was adjusted to 6.5 
and HOBT (169ing. 1.25inmol) predissolved in a 1:1 mixture of water and DMSO 
(Iral) and EDC (240mg. 1.25mmo0 was added and the reaction mixture was stirred 
overnight. The pH was subsequently adjusted to 7.0 with IM NaOH and NaCl 
added to produce a 5% w/v solution. HA was precipitated by addition of three 
volume equivalents of ethanol. The precipitate was i«dissolved in H,0 at a 
concentration of approximately 5mg/ml and the prcciphation repeated twice. The 
purified product was freeze dried and kepi at 4'C under N,. See Fig. 3C for NMR 



Example 6 

Preparation ofL-Histidine methyl ester HA (formula XXV) - 
Sodium hyaluronate (lOOmg. 0.25mmol) and L-histidine methyl ester 
dihydrochloride ( 1 .8 ISg. 7.5mmol) was dissolved in H,0 (40ml, 2.Smg/ml HA). 
The pH was adjusted to 6.5 and HOBT(I69mg, l.25mmol) predissolved in a 1 : 1 



data of the product. 



(xxrv) 
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mixture of H,0 and DMSO (Iml) and EDC (240mg, 1.25mmol) was added and the 
reaction mixture was stirred overnight. The pH was subsequently adjusted to 7.0 
with IM NaOH and NaCI added to produce a 5% w/v solution, HA was 
precipitated by addition of three volume equivalents of ethanol The precipitate was 
5 redissolved in H.O at a concentration of approximately 5mg/mJ and the precipitation 
repeated twice. The purified product was freeze dried and kept at 4X under N,. 
See Fig, 3B for NMR data of the product. 



(XXV) 




10 Example? 

Preparation of Hydrazido-HA (formula XXVI) ^ Sodium 
hyaluronate{100mg, 0.25mmol)and dihydnuide /.«?. adipic dihydrazide (1.31g, 
7.5mmol) was dissolved in RO (40ml, 2.5mg/ml HA). The pH was adjusted to 6,5 
andHOBT(169mg, 1.25mmol) predtssolved in a 1 : 1 mixture ofwatcr and DMSO 

15 (ImJ) and EDC (240mg, 3,25mmol) was added and the reaction mixture was stirred 
overnight. The pH was subsequently adjusted to 7.0 with IM NaOH and NaCl 
added to produce a 5% w/v solution. HA was precipitated by addition of three 
volume equivalents of ethanol The precipitate was redissolved in H^O at a 
concentration of approximately 5mg/ml and the precipitation repeated twice. The 

20 purified product was freeze dried and kept at under N.. See Fig. 3D for NMR 
data of the product. 
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NKNHz 



Example 8 

Preparation of Diaminoalkyl-HA (formula XXVII) - Sodium 
5 hyaluronate ( 1 OOmg, 0.25mmol) and a diaminoalkane, le, 1 ,2-diaminobutane HCl 
(1 .208g, 7.5mmol) was dissolved in H,0 (40m], 2.5mg/mi HA). The pH was 
adjusted to 7,5 and NHS.SO.Na (26Smg, L25mmol) and EDC (240mg, 1.25mmol) 
was added and the reaction mixture was stirred overnight. The pH was 
subsequently adjusted to 7.0 with IM NaOH and NaCl added to produce a 5% w/v 
10 solution. HA was precipitated by addition of three volume equivalents of ethanol. 
The precipitate was rcdissolved in HjO at a concentration of approximately 5mg/ml 
and the precipitation repeated twice. The purified product was freeze dried and 
kqpt at under N,. See Fig. 3 A for NMR data of the product. 



(xxvn) 

15 

Example 9 

Formattoff of crows/hiked HA hydrogels - The general procedure 
for forming crosslinked HA hydrogels is as follows: Modified HA is dissolved by 
agitation in H,0 or phosphate buffered saline (pH 7.4-8.5) at a concentration of 5- 
20 25rag/ml. The degree of modification of the HA derivative is derived from the 
integration of the NMR peaks. Afker complete dissolution, the HA derivative 
solution is transferred to a I ml syringe. When reacting the HA derivatives with 
low molecular weight crossllnkers, a slight excess of the compound (about l.l 
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molar <?quivalem of functional groups) is dissolved in a second I ml syringe in I/IO 
of the HA derivative volume immediately prior to use. The syringes are connected 
while paying special attention to excluded air, the contents are rapidly mixed, 
typically with 20 passages, and then extruded. When reacting HA derivative 
5 molecules with different functionalities, 0.5- 1 .0 equivalent of HA-aldehyde is mixed 
with equivalent of HA-hydrazine, depending on the degree of modification of HA 
derivatives. At room temperature, gelation occurs vsHthin about 30 seconds to 
several minutes, depending on the formulation, and the gel properties do not 
significantly change after approximately 5 minutes. 

10 Example 10 

DigigstiotJ of craxx/mked HA hydrogelsw - The 

general procedure for digestion of crosslinked HA hydrogels is as follows: HA 
hydrogels are formed in imi syringes by crosslinking 12mg/mJ HA-amine in 
phosphate bufifered saline with various crossiinkers as indicated in Fig. 4. Gdiing is 

15 allowed to occur for 1 hour at 37*C for the reaction to be complete, after which 
identical -^-lOOiil cylindrical gels are formed by cutting the syringes with a razor 
blade. The gels are incubated vnth different concentrations of bovine testicular 
hyaluronidase (Sigma) 50-5OOOU/mL in 40D|il of 30mM citric acid, J 50mM 
Na^HPO,, pH 6.3, 150niM NaCl for the indicated time 0-48 hours. Degradation of 

20 the gels was determined from the release of glucuronic acid into the supernatant as 
measured using the carbazolc method (Bitter and Muir, Supra). 

Example 11 

CrossUuked HA hydrogels ax a matrix for cell culture - 
25 Chondrocytes were isolated from bovine nose canilage according to established 
procedures (Hauselmann et al, Matrix 12, 1 16-129 (1992; Kattner et al, J. Cell 
EioL 93, 743-750 (1982)), cultured in Ham's F12 medium containing S% fetal 
bovine serum and antibiotics, and dedifferentiated by monolayer culture on plastic. 
For cytotoxicity studies, cells (2.5x100 were embedded into the HA hydrogels by 



-40. 



gently mixing the trypsinized cells ( about SO to 100^1) with the polymerizing HA 
and crosslinks- mixture (approximately 400|il gel volume) prior to complete setting. 
Agarose embedded cells served as a control. After adaptation to the culture 
conditions (24h), ceil proliferation and metabolic activity was assessed by puise 
labeling with pH]thymidine and [»S]mcthioninc. For cell infihration studies. HA 
hydrogels were polymerized in 24-wcll plates (-15mm diameter and 3mm height) 
for Ih at room temperature, and extensively rinsed with phosphate buffered saline. 
Cell adhesion molecules or chemotactic fectors, e.g. IGF- 1 , were added to the HA 
solution prior to crosslinking when desired. After 24h, cells (2.5x 1 00 were seeded 
on top of the HA-hydrogels and cultured as above. At different time points post 
seeding, gels were fixed in phosphate buffered 4% paraformaldehyde and processed 
for parafBn embedding. Cell infiltration was assessed by staining sections with 
Haematoxylin/Eosin, See Fig. 5. 

Example 12 

SubCf4tafwous implmtation of HA hydrogeh in rats - Rats (2-3 per 
test material) were anaesthetized with ketammc/xylazine, the ventral thorax and 
abdomen shaved, and prepared ascptically. A small vertical incision was made on 
either side of the xiphoid cartilage of the sttmum and the skin undermined with a 
blunt instrument to separate the skin fi-om the underlying tissue. HA hydrogels 
were polymerized in 3m[ syringes as described. For induction of chondro-osseous 
difierentiation, Img/ml prefibrillized intact collagen type 1 (Organogenesis, Canton, 
MA), 200 ^1/mI recombinant BMP-2 (Genetics Institute, Cambridge, MA), and 500 
ng/ml IGF-1 (Celtrix Pharmaceuticals, Santa Clara, CA) or 50ng/ml TGF-p2 
(Celtrix Pharmaceuticals, Santa Clara, CA) were mixed with the HA solution prior 
to crossiinking. Collagen fibrils were prepared by slow polymerization (from dilute 
solutions of 2-3mg/ml) of acid-solubillzcd collagen in phosphate buflfered saline and 
harvested by centrifugation follovyang standard protocols (McPherson et al., 
CofflsgsaBfiULSL 5, 119-135(1985)). GelBng of the HA hydrogels was allowed 
to occur for 24h at room temperature for the reaction to be complete, after which 
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identical --Smm thick cylindrical gels were prepared by cutting the syringes with a 
razor blade. HA hydrogcl discs were then placed in each pocket and the skin 
incisions closed with sutures. Ten days post operatively, the rats were euthanized 
and the appearance of the implant sites, Le. degree of inflammation, grossly 
5 examined and tissue specimens harvested and processed for histology by fijcation in 
phosphate buffered fonnalin and paraffin embedding. Sections were stained with 
Hacmatoxylin/Eosin and with Safranin-O/fast green, and cell infiltration and 
transforraation (cartilage and bone formation) induced by the biomaterial as well as 
signs of fibrosis and inflammation in the surrounding tissue evaluated. See Figs. 
10 6-8. 
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We claim: 

1 A composition comprising derivative of hyaluronic acid 
comprising disaccharide subunits, wherein at least one of said disaccharidc subunits 
is a substituted disaccharide suburat having a substitution at a carboxyl group, such 
that the substituted disaccharide «ubunit is of the formula 




wherdn R' and is a side chain comprising one or more fimctionai groups selected 
from the group consisting of hydrogen; bioactive peptide; alkyi; aryl; alkylaryl; 

10 arylallcyl substituted alkylaryl containing an atom or atoms of oxygen, nitrogen, 
sulfur, or phosphorous; substituted arylalkyi containing an atom or atoms of 
oxygen, nitrogen, sulfijr; phosphorous, halogen, or metal ton; and substituted 
hctcrocycle containing an atom or atoms of oxygen, nitrogen, suUur, phosphorous, 
halogen or metal ion; and 

15 said side chain functional groups being bound directly to each other or 

separated by a member selected from the group consisting of ether, keto, amino, 
oxycarbonyU sulfate, sulfoxide, carboxamidc. alkyne and alkene; and 

said side chain terminating with a terminal functional group selected 
from the group consisting of hydrogen, peptide, aldehyde, amine, arylazide, 

20 hydrazide, maleimide, $ulfhydryU active ester, ester, carboxylate, imidocster, 
halogen and hydroxyl. 
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2. The composition of claim 1, wherein at least 5% of said 
disaccharide subunits are substituted disaccharide subunits. 

3. The composition of claim 1 , wherein at most 95% of said 
disaccharide subunits are substituted disaccharide subunits. 

5 4. The composition of claim I, wherein at most 5% of said 

disaccharide subunits are substituted disaccharide subunits. 

5. The composition of claim U wherein at least one of said terminal 
functional groups is selected from the group consisting of peptide, aldehyde, amine, 
arylazide. hydrazide, maleimide, sulfhydryl, and active ester, whereby said 

10 composition is amenable to crosslinking. 

6. The composition of claim U wherein the molecular weight of 
said composition is at least 100,000 daltons. 

7. The composition of claim 1, wherein the molecular weight of 
said composition is at most 100,000 daltons. 

15 8. The composition of claim 1, wherein the molecular weight of 

said composition is at least 1,000,000 daltons. 

9. The composition of claim 1, wherein said composition is water 

soluble. 

10, A composition comprising an activated ester of hyaluronic acid 
20 of the formula: 

(U) 
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wherein R is sdeaed from the group consisting of a substituted triazole, N- 
sulfosucchiimidc. nitrophenol, partially halogenated phenol, perhalophenol, and 
pentafluorophenoL 

1 L A hydrogel of crosslinkcd HA derivailves, wherein said HA 
5 derivatives are compositions according to claim 1. 

Next, a set of claims to the hydrogeJs. 

12. A hydrogd of crosslinkcd HA derivatives, wherein said HA 
derivatives arc selected from the group consisting of the compositions of claim 10, 

13. The hydroge] of crosslinkcd HA derivatives of claim 1 1 , wherein 
10 said hydrogel is biodegradable. 

14. A mediod for making a derivative of hyaluronic add, comprising 
the steps of: 

a) forming an activated ester at a carfaoxylate of a 
glucuronic acid moiety of hyaluronic acid; and 

b) substituting at the carbonyl carbon of the aaivated ester 
formed in step (aX a side chain comprising a nucleophilic portion and a functional 
group portion. 

15. The method of claim 14, wherein the nucleophilic portion is 
selected from the group consisting of ammonia, primary amine, secondary amine, 

20 hydroxy!, and sulfhydryl, 

16. The method of claim 14, wherein the flinciional group portion is 
seleaed from the group consisting of active ester, aldehyde, amine, arylazidc* 
hydrazide, malcimide, sulfhydryl, and peptide. 

17. The method of claim 14, wherein step (a) Is performed with an 
25 active ester selected from the group consisting of a substituted triazoJc, 

N-sulfosuccinimide, nitrophenol, partially halogenated phenol, pcrhalophenol, 
pentalourophenol, HOBT, and NHS, by cari)odiimide-mediaied coupling. 

1 8. The method of claim 14, comprising the additional step of; (c) 
forming a cross-linked hydrogel from the hyaluronic acid derivative. 
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19. A method for forming a matrix for a tempomry scaffold for 
tissue repair according to the method of claim 18, wherein the crossUnkcr is 
selected from the group consisting of polyvalent active ester, aldehyde, amine, 
arylazide, maleimide, and sulfhydryl. 
S 20. A method for forming a matrix for a temporary scaffold for 

tissue repair according to the method of claim 18, wherein the HA derivative 
comprises a peptide substrate for transglutaminase, and wherein the HA derivative 
is crosslinked using transglutaminase. 

21. The method of claim 1 8, wherein step (c) is performed in the 
10 presence of cells. 

22. The method of claim 18, wherein step (c) is performed in the 
presence of at least one member selected ftom the group consisting of growth 
factors, cytokines, drugs, and bioactive peptides. 

23. The method of claim 22, wherein the bioactive peptide is RGD. 
^ ^ 24. The method of claim 22, wherein the bioactive peptide is a 

substrate for transglutaminase. 

25. The method of claim 24, wherein the bioactive peptide is 

AFQQEA. 

26. The method of claim 24, wherein the growth fector is TGF-P or 

20 BMP. 

27. The method of claim 1 8, wherein step (c) is performed w sfiu in 
a patient in need of tissue repair 

28. A tissue adhesive comprising a hydrogcl of claim 1 J , wherein the 
side chain is selected from the group consisting of activated ester, aldehyde, 

25 aryiazide, and maleimide. 

29. A tissue adhesive comprising an HA derivative of claim 10. 

30. A tissue adhesive comprising a hydrogel of claim 1 1 . wherein the 
crosslinked HA derivatives are formed uang a cross-linker selected from the group 
consisting of polyvalent active ester, aldehyde, arylazidc, and maleimide. 
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31. A tissue adhesive comprising a hydrogel of claim 11 , wherein the 
cross-linked hydrogel is formed in the presence of at least one member selected 
from the group consisting of growth fectors, cytokines, drugs, and bioactive 

peptides. 

5 32, A tissue adhesive of claim 3 1, wherein the growth factor is TGF- 

porBMP-2. 

33. A matrix for ceD structures comprising a hydrogel of claim 1 1, 
wherein the crossKnked HA-derivatives arc formed using a cross-linker seleaed 
from the group consisting of polyvalent active ester, aldehyde, amine, arylazide, 

10 maleimide, and sulfliydtyl 

34. A matrix for cell structures comprising a hydrogel of claim 1 1, 
wherein the crosslinked hydrogel is formed in the presence of at least one member 
selected from the group consisting of growth fectors, cytokines, drugs, and 
bioactive peptides. 

25. A matrix for cell cultures according to claim 34, wherein the 
growth factor is TGF-P or BMP-2. 

36. A matrix for a scaflfold compriang a hydrogel of claim 1 1 , 
wherein the crosslinked HA-derivativcs are formed using a cross-linker selected 
from the group consisting of polyvalent active ester, aldehyde, amine, arylaadde, 

20 maleimidc, and sulfhydryl. 

37. A matrix for a scaffold comprising a hydrogel of claim 1 1, 
wherein the crosslinked hydrogel is formed in the presence of at least one member 
selected from the group consisting of growth factors, cytokines, drugs and bioactive 
peptide$. 

38. A matrix for a scaffold according to claim 37, wherein the 
growth factor is TGF-P or BMP-2. 

39. The matrix of claim 37, wherein the matrix further comprises 

cells. 




1/13 



wo 00/16818 



Fig. 2A 



PCT/EP99/06913 




2/13 



wo 00/16818 



PCT/EP99/06913 



Fig. 2B 
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Fig. 3B 
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Fig. 7 
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